We investigate transport and shot noise in lateral N-TI-S contacts, where N is a normal metal, TI is a Bi-based three dimensional topological insulator (3D TI), and S is an s-type superconductor. In the normal state, the devices are in the elastic diffusive transport regime, as demonstrated by a nearly universal value of the shot noise Fano factor FN ≈ 1/3 in magnetic field and in a reference normal metal contact. In the absence of magnetic field, we identify the Andreev reflection (AR) regime, which gives rise to the effective charge doubling in shot noise measurements. Surprisingly, the Fano factor FAR ≈ 0.22 ± 0.02 is considerably reduced in the AR regime compared to FN, in contrast to previous AR experiments in normal metals and semiconductors. We suggest that this effect is related to a finite thermal conduction of the proximized, superconducting TI owing to a residual density of states at low energies.
A surface state of a three-dimensional topological insulator (3D TI) is a unique example of a spin-orbit coupled and symmetry protected conductor 1 . Similar to graphene, in 3D TI the surface electronic states are massless Dirac fermions. Unlike in graphene, however, a single Dirac cone is lacking spin and valley degeneracies. That makes a 3D TI an intriguing candidate for the realization of a solid state two-dimensional topological superconductor 2 . As originally proposed by Fu and Kane 3 , p-wave like superconducting correlations are expected to emerge via proximity coupling the 3D TI to a conventional stype superconductor (S). This gives rise to symmetry protected Majorana zero modes bound at vortices or at the boundaries of various hybrid structures 4, 5 . Emerging zero modes are predicted to have a strong impact on the low energy physics, modifying Andreev reflection (AR) at the interface with a normal metal 6 , affecting the edge conductance distribution 7 , noise 8 and thermal transport 9, 10 .
Proximity induced superconductivity has been demonstrated in 3D TIs based on Bi [11] [12] [13] [14] [15] [16] [17] and HgTe 18, 19 with the reported values of the induced gap on the order of a few 100 µeV. Similar gap values were recently observed via Andreev spectroscopy 20 in quaternary BiSbTeSe compound, established as a 3D TI with negligible contribution of the bulk conduction 21, 22 . In spite of these advances, the microscopic nature of the proximity induced gap in Bi-based 3D TIs remains largely unexplored. This particularly concerns the statistics of the transmission eigenvalue distribution in short junctions and the role of possible in-gap states. On this route, valuable information, often hidden in transport, can be obtained via measurements of the non-equilibrium current fluctuationsthe shot noise 23 . Relevant for the AR, prominent examples include unusual shot noise behavior at the interface between a normal metal and superconductors with other than s-type order parameter symmetry 24, 25 and, more recently, shot noise detection of the thermal and charge transport via Majorana zero modes 9,10,26 . Here, we investigate the AR in lateral N-TI-S contacts defined on thin flakes of 3D TI Bi 1.5 Sb 0.5 Te 1.7 Se 1.3 . By measuring the shot noise, we identify the effective charge (q) and the Fano factor (F ), which characterize the random process of charge transport 23 . We demonstrate diffusive normal transport with q = e and F N 1/3 in N-TI-S contacts that are subjected to magnetic fields (B) that are large enough to suppresses superconductivity and in the reference N-TI-N contact. In zero magnetic field, the AR regime is characterized by the doubling of the effective charge q = 2e and F AR = 0.22 ± 0.02. Our main observation that F AR < F N is unusual compared with experiments in normal metal- flakes of a 3D TI Bi 1.5 Sb 0.5 Te 1.7 Se 1.3 crystal placed on a Si/SiO 2 substrate. The size of the flakes is ∼ 2 − 4 µm with a thickness in the range of 80 − 200 nm. The typical carrier densities and mean-free paths in our devices are on the order of 10 13 cm −2 and l ∼ 10 nm, respectively. A scanning electron micrograph of a typical N-TI-S device is shown in Fig. 1 (on the r.h.s.). In a two step e-beam lithography process, we pattern the N electrode (60 nm of sputter-deposited Au with a 3 nm Ti sticking layer) followed by the S electrode (a 80 nm thick Nb film with a critical temperature of 8.4 K). A 15 s long 300 V RF Ar plasma etch was carried out insitu prior to the sputter-deposition in order to improve the quality of the interfaces. The width of the electrodes is about 300 nm, and the electrode spacing, L ≈ 50 nm, is limited by the lithography resolution. These dimensions allowed us to minimize inelastic scattering without compromising a well-defined geometry of the conduction channels. Our experiment is performed in the diffusive limit, L l, such that residual inhomogeneities of the current distribution, caused by unintentional roughness of the edges of the metallic electrodes and their mutual random misalignment are not important. Altogether we studied four N-TI-S devices and one N-TI-N device. The measurements were performed in a 3 He refrigerator at bath temperatures (T ) in the range of 0.6 K-5 K. Twoterminal differential resistance (R) data were obtained with a lock-in measurement and a series resistance contribution of wiring was subtracted. The shot noise was measured within a ∼ 5 MHz frequency band around a 18 MHz center frequency of a resonant tank circuit. The tank circuit consisted of a 3.2 µH hand-wound inductor, the 25 pF capacitance of a coaxial cable and a load resistance of 10 kΩ. The setup was calibrated by means of Johnson-Nyquist thermometry. Where used, the magnetic field was directed perpendicular to the TI plane.
In Fig. 1 , we plot the linear response resistances R as a function of the applied magnetic field B for the N-TI-S devices (s1-s4) and the reference N-TI-N device (n) at T ≈ 0.6 K. Both the zero field resistance R(B = 0) and the relative magnetoresistance vary appreciably among the devices. Nevertheless, in all cases, a sizable positive magnetoresistance is found, reminiscent of a B-driven suppression of the weak anti-localization quantum correction in a strongly spin-orbit coupled system 29, 30 . The absence of a distinct difference between the N-TI-S and the N-TI-N data is a strong indication that the device resistance is dominated by the disordered 3D TI surface. This conjecture is confirmed by the shot noise experiments below.
Diffusive transport behavior (L l) is showcased in Fig. 2 (left axis), where we plot the shot noise spectral density S I (symbols) as a function of the bias voltage V for the N-TI-N device at T ≈ 0.6 K. The B = 0 and B ≈ 1.2 T data are shown with dots and crosses, respectively. In both cases, we observe conventional shot noise behavior of a metallic diffusive conductor for |V | ≤ 1.5 mV. Here, S I crosses over from the equilibrium Johnson-Nyquist value of 4k B T /R at V = 0 to the linear dependence, S I = 2qF I, at |V | k B T /q, where I is the bias current and F is the Fano factor. This crossover is described by the standard noise expression 23 :
where q is the effective charge of the carriers, and a linear dependence, I = V /R, is assumed. The corresponding best fit with q = e and F ≈ 0.33 is shown [B = 0; dashed line]. This data is consistent with the universal [i.e., geometry independent] value F = 1/3 found for metallic conductors in the elastic diffusive regime of transport 31,32 but has not been reported in the TI surface states previously. Above |V | ≈ 1.5 mV, the experimental data deviate from the theoretical curve, as inelastic electron-phonon scattering processes come into play and start to suppress the noise 31 . We conclude our discussion of transport data in the N-TI-N device by analyzing the differential resistance ( additional quantum correction to the conductance due to electron-electron interactions [EEI; Altshuler-Aronov effect], which is also supported by the observation of a weakly insulating temperature-dependence in zero magnetic field. At B = 0, the corrections owing to the EEI and the weak anti-localization are comparable in magnitude and roughly cancel each other in present devices 33 . In the following, we discuss Andreev reflection in N-TI-S devices. In Fig. 3(a) , we plot typical differential resistance as a function of bias voltage, V , in zero field and for finite B. The main features of Fig. 3(a) , namely the smaller and narrower zero bias peaks in B = 0 compared to the case of finite B-field, are similar to those in the N-TI-N device, cf. sists up to 10 mV, which is the highest bias voltage we applied, see Supplementary Material for more details 34 . This further suggests that the zero bias resistance peaks are intrinsic to the 3D TI surface state. The lack of AR related resistance features allows us to estimate a transparency of the lateral interface between the normal and strongly proximized TI (Fig. 4b) , Γ > l/L ∼ 0.4, which is sufficiently high for negligible reflectionless tunneling in diffusive N-S junctions [35] [36] [37] .
In Fig. 3(b) , we plot the bias dependence of S I for samples s1-s3 at T ≈ 0.6 K and B = 0. The crossover between the Johnson-Nyquist and the shot noise regime is also observed here. Yet, a closer look reveals two important distinctions compared to the N-TI-N device. Firstly, the shot noise is stronger in N-TI-S devices and, secondly, the crossover region is narrower than Eq. (1) predicts. This is demonstrated by the solid line fits in Fig. 3(b) , where we used q = e and different Fano factors 0.38 ≤ F ≤ 0.48 fixed by the slope of each dataset in the shot noise regime. We attribute the narrowing of the crossover region to the impact of the AR at the TI-S interface, which gives rise to doubling of the effective charge in diffusive N-S contacts 27, 38 . Using the analog of Eq. (1) Fig. 3(b) ]. As shown in Fig. 3(c) , the normal diffusive transport regime is restored for sufficiently high magnetic fields B 1 T, as expected. Here, the data in all three devices (symbols) are again consistent with q = e and 0.31 ≤ F ≤ 0.36 (solid lines), very much like in the N-TI-N contact, cf. Fig. 2 . By contrast, the q = 2e fits fail to account for the bias dependence of S I in magnetic field, see the dashed lines in Fig. 3(c) .
In Fig. 4(a) , we plot the noise temperature, 28, 41 , the data manifests a finite bias 2e → e transition from the AR-dominated subgap transport to the normal transport regime above the gap 42 . The corresponding induced proximity gap (on the surface of the 3D TI underneath the Nb film) equals approximately ∆ STI ≈ 0.35 meV in device s3. In the same manner, we obtained proximity gaps of ∆ STI ∼ 0.25−0.3 meV in devices s1 and s2 [see insets in Fig. 4(a) ]. These values are significantly smaller than the pairing potential in the niobium electrode, ∆ Nb ≈ 1.3 meV, which is estimated from a measurement of the critical temperature. It is worth pointing out that a similar suppression is found for the characteristic energy of the Josephson coupling in Josephson junctions with TI weak links. Typical values for the product of critical current and normal state resistance (I C R N ) are 0.01 -0.2 ∆ Nb /e, see table I in Ref.
17 . The reduction is attributed to an interface barrier between the superconducting electrode and the TI material. Disorder effects must also be considered 43 . The observation of charge doubling and a 2e → e transition in Figs. 3(b) and 4(a) is clear evidence of AR in B = 0. Surprisingly, the Fano factor in the AR regime, F AR = 0.22 ± 0.02, is considerably smaller than the universal value, F N = 1/3, attained in the normal transport regime in magnetic field [ Fig. 3(c) ] and in the reference N-TI-N device [ Fig. 2 ]. Similar behavior is found in all three devices with device resistances ranging from 1 kΩ to 4 kΩ. This is our main observation. It is in sharp contrast to measurements in normal metal-
27
and semiconductor-based 28 N-S contacts. In the former case, F AR = F N = 1/3, as expected for the universal eigenvalue distribution of metallic diffusive conductors 35 , while in the latter case F AR > F N was found 44 . The observed reduction of the shot noise in the AR regime can be understood intuitively in the framework of heat transport as follows, see Ref.
45 . In the case of perfect AR, the heat transport across the N-S interface vanishes, which results in exact shot noise doubling for the N-S contact. Finite heat conduction in the S lead can reduce the shot noise below this limit. In particular, disorder effects may result in a finite, residual density of states in the strongly proximized TI (STI) below the Nb contact. This opens a parallel transport channel for heat conduction by quasiparticles thus reducing AR. Additionally, we consider the non-trivial gap structure of the induced proximity effect in the STI. It has been shown in 24, 25 that in-gap Andreev bound states which are formed in junctions with p-and d-wave superconductors due to a phase shift in the order parameter between different crystal directions alter the junction transmission and reduce the shot noise. We would like to mention that similar scenario has been proposed for N-FI-S structures where a finite magnetic polarization is induced by the ferromagnetic insulator (FI) and chiral Majorana zero mode forms 4 . In summary, we investigated the shot noise in N-TI-S contacts defined on thin flakes of 3D TI Bi 1.5 Sb 0.5 Te 1.7 Se 1.3 . We identified both the carrier charge q and the Fano factor, responsible for the randomness of the discrete charge transport. In normal state, the elastic diffusive transport regime is evidenced via charge q = e and nearly universal Fano factor F N ≈ 1/3 in N-TI-S contacts in magnetic field and in a reference N-TI-N device. In the AR regime in B = 0, the effective charge doubles, q = 2e, whereas the Fano factor is considerably reduced F AR ≈ 0.22 ± 0.02. Our main observation of F AR < F N , is in contrast with the available shot noise measurements in normal metal and semiconductor based devices 27, 28 . Possible presence of low-energy Andreev bound states or in-gap states in the superconductor proximized 3D TI qualitatively explains our results.
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DIFFERENTIAL RESISTANCE IN A WIDE BIAS RANGE
In all N-TI-S devices studied the differential resistance, R diff , behaves similarly to the reference N-TI-N device and exhibits no AR related features. This is verified in Figs. 1a and 1b for two representative devices in a wide bias range. Just like in the reference N-TI-N device, see Fig. 1c , the small zero bias feature in B = 0 develops into a pronounced resistance peak in a magnetic field B ∼ 1 T. This behavior is qualitatively consistent with a scenario of competing quantum corrections, weak anti-localization and Altshuler-Aronov, among which the former is suppressed by a perpendicular magnetic field and both are suppressed by a high bias owing to dephasing, see, e.g. Ref.
1 . 
ELECTRON-PHONON ENERGY RELAXATION
As discussed in the main text, at large biases, |V | > 0.8 mV, the data deviate below the q = e fit, both in zero and finite B-field, which is a result of shot noise suppression via electron-phonon (e-ph) energy relaxation 2,3 . We have checked that for T N > 5 K the e-ph cooling dominates the noise response and is consistent with the linear dependence P J ∝ T α N − T α , where P J is the total dissipated Joule heat power and the exponent varies between α ≈ 3 and α ≈ 4 in different devices, see Fig. 2 . A cooling rate of this type might
